Substantial leaching of active V species often limits the reusability of V-based soild catalysts in liquidphase oxidation reactions and therefore requires the development of more stable, novel materials. This paper first reports the synthesis of active vanadium (V) oxide and carbide species dispersed on a carbon support via the pyrolysis of MIL-47 (V), a V-based metal-organic framework (MOF) template. The phase transition of V species present in this MOF template was achieved by varying the pyrolysis temperatures ranging from 600 to 1100 °C to synthesize a series of carbon catalysts with different surface and bulk phases of V. Notably, the pyrolysis of MIL-47 (V) provided carbon supports with high surface areas (~ 350 m 2 g -1 ), high mesoporosities (V MESO /V PORE~ 0.88), high V quantities (35-70 wt. %), and small (~ 18 nm) V crystallites dispersed on the surface. These desired properties were not observed when V was supported on activated carbon (V/AC) via conventional impregnation. The V/AC catalyst showed lower mesoporosity (~0.63), lower V quantity (~25 wt. %), and larger V crystallites (~ 27 nm) compared to the catalyst produced from MIL-47 (V) pyrolysis under identical conditions. Of additional note, the pyrolysis of MIL-47 (V) could yield an isolated bulk phase of V carbide at low pyrolysis temperatures (i.e., >900 °C). This phase was not attainable when V/AC was synthesized via pyrolysis even at higher temperatures (i.e., 1100 °C). The catalytic performance of the resulting V on carbon catalysts was evaluated in a liquidphase oxidation reaction of dibenzothiophene. The V carbide catalysts exhibited good activities and enhanced stabilities, as evidenced by lower amounts of V species leached (< 20%) during recycle runs compared to the conventional V/AC catalyst (V leaching ~56%). This study marks a signifcant improvement in the synthesis of supported V catalysts with reduced leaching in liquid-phase oxidation reactions compared to materials synthesized via conventional impregnation techniques.
Introduction
Vanadium-based solid materials have received significant attention as heterogeneous catalysts due to their high activity in liquid-phase oxidation reactions. More specifically, they have been studied as catalysts for the oxidation of S-heterocycles [1] [2] [3] [4] , carbocycles [5] [6] [7] , alcohols [8] [9] [10] , and aromatics [11] .
However, as shown in Table S1 , these V-based catalysts typically suffer from significant leaching of V species (20-90 mol. %) during liquid-phase oxidation reactions when peroxides are used as oxidants [1, 5, 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This phenomenon, unfortunately, limits the practical applications of these materials because it significantly reduces their lifetimes as catalysts and requires additional separation processes to remove leached V species from the liquid phase [13, 20] . Furthermore, many hot filtration studies have been reported that suggest leached V species were responsible for catalysis rather than the solid materials themselves [1, 6, 11, 15, 20] .
In order to overcome this limitation, the determination of stable yet active V phases on the catalyst surface is paramount. For instance, different phases of vanadium oxides (e.g., V 2 O 5 , VO 2 , and V 2 O 3 ) were reported to have distinct properties in terms of their electronics [21, 22] , structural geometry [22, 23] , and defect formation [21] , all of which have significant effects on their stabilities for oxidation reactions [21] [22] [23] [24] . Transition metal carbides comprise one class of particularly promising heterogeneous catalytic phases due to their higher thermal and chemical stabilities than their analogous oxide phases [25] [26] [27] [28] [29] [30] .
Moreover, these carbide phases can also exhibit high catalytic activity in redox reactions due to their unique carbon-modified structures, which often resemble that of noble metals [31] [32] [33] [34] .
In addition to the formation of desired V phases for the liquid-phase oxidation reactions, the selection of a catalyst support that can strongly immobilize the active V phase is also essential [20] . It should be noted that there have been substantial synthetic efforts to minimize V leaching from various silicate-based catalysts via V-tethering [13] , grafting [11] , incorporation [5, 11, 16] , and immobilization [11, 15, 17] . However, the loss of active V species during the reactions was unavoidable due possibly to insufficient chemical stability between silicate and V species under the reaction conditions employed (Table S1 ) [20, [35] [36] [37] . Carbon is a promising support material because it can provide several advantages such as high surface area [38] [39] [40] , high dispersion of active V species [25, 41] , high resistance to thermochemical oxidation [42] [43] [44] , and compatibility with a wide range of active V phases [25, 45] . In particular, the interaction between active V species and carbon can be promoted via pyrolysis under an inert atmosphere, wherein V precursors are carbothermally reduced by carbon to generate reduced V nanoparticles embedded in holes on the carbon surface [25, 38, 46] . Herein, to attain V on carbon catalysts with desired properties via pyrolysis, we detailed the use of a V-incorporated metal-organic framework (MOF), MIL-47 (V), as a template. The pyrolysis of a MOF with site-isolated metal species via coordination to organic linkers has been demonstrated to provide the resulting carbon materials with high surface areas [44, 47] , high mesoporosities [25, 38] , high metal loadings [48, 49] , and moderate-sized metal nanoparticles [48, 50, 51] . As shown in Fig. 1a , MIL-47 is a vanadium-based MOF composed of VO centers (V precursors) interconnected by 1,4-benzenedicarboxylate (BDC) linkers to form a three-dimensional, orthorhombic, porous solid with a base unit of V IV O(BDC) [52] . The high loading of V species within the MIL-47 (V) template (~ 4300 μmol V g -1
)
[52] was expected to yield a carbon material with high loadings of V after pyrolysis (Fig. 1b) . Additionally, previous pyrolysis studies of various MOFs suggested the porous architecture of MIL-47 (V) can be retained during pyrolysis, which provided high surface areas of the resulting carbon [44, 47] . 
Experimental

Chemicals
The following chemicals were purchased commercially and used as received: VCl 3 (Alfa Aesar, 99 %, metal basis), 1,4-benzenedicarboxylic acid (Aldrich, 98 %), N,N-dimethylformamide (EMD, ACS grade), VO(O-iPr) 3 (Alfa Aesar, 96%), vanadium ICP standard (J.T. Baker, 1000 µg/mL), acetone (EMD, ACS grade), chloroform (Alfa-Aesar, ACS grade), n-decane (Alfa Aesar, 99 %), n-dodecane (Alfa-Aesar, 99+ %), dibenzothiophene (Acros, 99 %), Celite® 545 (EMD), and tert-butyl hydroperoxide (5.0-6.0 M in decane, Aldrich). Activated carbon (DARCO®, −100 mesh par cle size, Sigma-Aldrich) was dehydrated at 125 °C for 10 hours using a Schlenk line to eliminate H 2 O physisorbed on the carbon surface and subsequently stored in a glove box purged with N 2 (> 99 %).
Characterization
The surface areas and pore volumes of catalysts were estimated via the adsorption of N 2 at 77 K using a Quantachrome NOVA 2200e. Catalysts were dried at 125 °C under dynamic vacuum of 10 -3 torr for 18
hours prior to the analysis. Surface areas (S NLDFT ) of the catalysts were estimated using nonlocal density functional theory (NLDFT) based on the volume of N 2 adsorbed under the pressure range between 1 X 10 -4 < P/P 0 < 1.0. The pore volumes of the catalysts were calculated using NLDFT under the assumption that pores were slit-shaped nanopores [54] . The total pore volume (V PORE ) of each catalyst was acquired from the summation of micropore volume (V MICRO with the pore size less than 2 nm) and mesopore volume (V MESO with the pore size between 2 and 50 nm). X-ray diffraction (XRD) patterns of the synthesized catalysts were acquired using a D8 (2)).
X-ray photoelectron spectroscopy (XPS) analysis of the catalysts was performed on a PHI VersaProbe II X-ray photoelectron spectrometer in order to observe the relative abundance of surface phases of V.
Measurements were performed after the catalysts dispersed on carbon tape were exposed to ultra-high vacuum (~ 10 -8 torr) in order to clean the surface of the catalysts. The binding energy of amorphous carbon located at 284.5 eV was used as a reference during the measurement of each catalyst. The leached amount of V species after the reaction was estimated using a Perkin Elmer Optima 3300XL
inductively coupled plasma-optical emission spectrometer (ICP-OES). External V standards were prepared and used to generate a calibration curve. Prior to quantifying the leached V species, the solid catalyst was removed from the reaction mixture through vacuum filtration. This leached V amount was calculated as a mole percent of V (mol. %), which was determined based on the amount of V used in each reaction run (Table S2 ). Gas chromatography (GC) with flame ionization detector (FID) was used to estimate the catalytic performance (i.e., conversion and yield) of the catalysts based on the quantification of the reactant concentration (dibenzothiophene, DBT) using an internal standard (dodecane) (eqn. (3)- (5)). . The GC injector temperature was set to 150 °C. The carrier gas stream was composed of He with a constant flow rate of 0.5 mL min 
Synthesis of MIL-47 (V)
MIL-47 (V) was synthesized according to a modified procedure reported by Férey and co-workers [52] .
A mixture comprised of 8. 
Pyrolysis of activated MIL-47 (V)
Pyrolysis of activated MIL-47 (V) was performed according to the procedure we previously employed [25, 38, 56] . The activated MIL-47 (V) was loaded into a tube furnace (Thermo Scientific Lindberg ® Blue M) and subjected to pyrolysis under an Ar flow of 30 mL min -1 with a ramp rate of 10 °C min -1 to the target temperatures ranging from 600 °C to 1100 °C held for 6 hours. This led to the formation of the carbon catalyst denoted as CXXX, where XXX indicates the target temperature used during pyrolysis (e.g., C700 indicates the catalyst derived from the pyrolysis of activated MIL-47 (V) at 700 °C for 6 hours).
After cooling to 25 °C under an Ar atmosphere, the resulting catalyst was passivated under a 1 % of O 2 in
He with a flow rate of 10 mL min -1 for 1.5 hours prior to exposure to an ambient atmosphere [25, 57] .
Synthesis of V/AC
Vanadium on activated carbon (V/AC), a control material, was synthesized via a conventional impregnation method slightly modified based on our previous procedure performed in a glove box [25, 38] . Approximately 0.5 g of desolvated AC was added in a bottle, subsequently impregnated using 1.425 mmol of VO(O-iPr) 3 , and stored inside the glove box overnight. The amount of VO(O-iPr) 3 used during the impregnation was the maximum quantity of the V precursor that can be confined in the nanopores of the AC. The maximum amount of the V precursor was determined via calibration prior to the impregnation. The impregnated AC was then loaded in a tube furnace, pyrolyzed, and passivated by following the identical procedure as that used to synthesize C1100. This ultimately led to the generation of V/AC.
Oxidation of dibenzothiophene
The catalytic performance of the synthesized catalysts was evaluated according to a slightly modified procedure we previously reported [1, 38, 58] . In a typical catalytic reaction (the 1 st run), a mixture composed of 3.5 mmol of dibenzothiophene (DBT), 21.9 g of decane (solvent), and 0.5 g of dodecane (internal standard) was loaded in a 100 mL round bottom flask and stirred at 104 (±1) °C for an hour before 7.525 mmol of tert-butyl hydroperoxide (TBHP, oxidant) was added to the flask (molar ratio of reactant: oxidant= 1: 2.15). Once the reaction temperature was stabilized after 15 minutes, the catalyst (8.1 mg for MIL-47; 5 mg for C600; 2.3 mg for C1000 and C1100; 6.3 mg for V/AC) was carefully added.
Approximately 0.5 mL aliquots of the reaction mixture was then taken at predetermined time intervals (C600 and V/AC for 1 minute; activated MIL-47 (V), C1000, and C1100 for 2 minute), transferred to a GC vial, and diluted with decane for the estimation of catalytic performance for each catalyst using GC-FID.
In a typical recycle test, the catalytic reaction at each cycle (i.e., the 2 nd and the 3 rd run) was performed under identical conditions (e.g., identical amount of catalyst) as that employed during the 1 st run. Each cycle was repeated three times in order to collect enough catalyst for the next recycle run and to confirm the reproducibility of the results. After the reaction, the catalyst was collected by vacuum filtration using a Whatman filter paper (Grade 5, pore size: 2.5 µm) and washed with 100 mL of N,Ndimethylformamide and 100 mL of chloroform. Recovered catalyst was then dried in a vacuum oven at 40 °C for 18 hours. In a typical hot filtration test at 74 (±1) °C, the catalyst was removed from the reaction mixture after 15 minutes by filtering the reaction mixture over Celite® 545 (20 g ). Afterwards, the collected reaction mixture was further monitored at 74 (±1) °C. Notably, during the hot filtration study, the reaction temperature was decreased from 104 (±1) °C to 74 (±1) °C, while changing the sampling time interval from 1 (or 2) minute to 5 minute to minimize the effect potentially caused by the time taken to perform the hot filtration, thereby obtaining more feasible results.
Results and discussion
Catalyst synthesis and characterization
As a control to simulate a typical commercial carbon-supported catalyst, V on activated carbon (V/AC) was first synthesized via conventional impregnation and subsequent pyrolysis following an identical procedure as that used to generate C1100. A temperature of 1100 °C was selected for pyrolysis because C1100 showed a strong balance of activity and stability in the oxidation of DBT, which is discussed in a later section of this study. Of note, in our previous study, impregnated V/AC could not yield V carbide species after pyrolysis at 1000 °C [25] and therefore 1100 °C was employed as the pyrolysis temperature for a more accurate comparison of properties and catalytic performance between V/AC and C1100. For the preparation of V-incorporated carbon catalysts, we hydrothermally synthesized MIL-47 (V) using VCl 3 and 1,4-benzenedicarboxylic acid as the sources for the V center and the organic linker (BDC), respectively [52] . This material was subsequently calcined at 300 °C to eliminate free BDC linkers occupying the pores of as-synthesized MIL-47 (V) to yield activated MIL-47 (V) [1, 52] . The formation of activated MIL-47 (V) was confirmed by its powder X-ray diffraction (XRD) pattern, which was in agreement with the simulated pattern (Fig. S1a ) [52] . The retention of the microporous structure after the activation was also validated by N 2 physisorption (Table 1 and , estimated using nonlocal density functional theory (NLDFT). The activated MIL-47 (V) was pyrolyzed at different maximum temperatures between 600 °C and 1100 °C for 6 hours to form the carbon catalysts denoted as C600-C1100. A temperature of 600 °C was selected as the lowest temperature limit in this pyrolysis because thermal decomposition of the MIL-47 (V) involved the carbonization of the organic BDC linkers to form the carbon support below 600 °C. From the differential thermogravimetric (DTG) profile of the activated MIL-47 (V) under a N 2 atmosphere (Fig. S1c) , no significant changes were observed in the weight loss of the material at temperatures of 580 °C or higher.
All pyrolyzed MIL-47 (V) catalysts showed moderate surface areas of 300-400 m 2 g -1 and pore volumes ranging from 0.6 to 0.9 cm 3 g -1 (Table 1 ) and mesoporosity (V MESO /V PORE~ 0.9, ratio of mesopore volume to total pore volume) over the V/AC (V PORE~ 0.6 cm 3 g
, V MESO /V PORE~ 0.6) [25] . Notably, the large quantity of V (~ 22.1 wt. %) innate to the activated MIL-47 (V) prior to pyrolysis led to significant V loadings on the synthesized catalysts after pyrolysis (Table 1 and Fig. S3 ). The amount of V in the materials increased from 36.1 wt. % to 68.1 wt. % as the pyrolysis temperature was increased from 600 °C to 1100 °C. This increase was associated with the consumption of the C source caused by the carbothermal reduction of V oxides to form more reduced V species (V carbide), as discussed previously [25, 59, 60] . This consumption was more pronounced at higher pyrolysis temperatures, resulting in a greater loss of carbon leading to larger loadings of V species on the catalysts [59, 60] . In contrast, the maximum V loading attainable on AC via conventional impregnation was 25.0 wt. % (Fig. S4b) . Thus, pyrolysis of MIL-47 (V) can lead to higher V loadings on carbon supports than conventional impregnation techniques, which is advantageous because less material would be required in catalysis applications. Powder XRD was used to investigate the bulk phases of V present in each of these catalysts (Fig. 2) .
Catalysts pyrolyzed at 800 °C or lower showed multiple diffractions that were assigned to bulk phases of hydroperoxide (TBHP) was used as an oxidant [1, 38, 58] . The purpose of this study was to determine how the V phase influenced the catalyst activity and stability. Therefore, the C600, C1000, and C1100 materials were selected as catalysts in this study since each catalyst isolated only one bulk phase of V interested (i.e., VO 2 for C600; V 8 C 7 for both V1000 and V1100) and showed similar textural properties (S NLDFT and V PORE , etc.). In addition, the catalytic performance of these catalysts was compared to that of V/AC synthesized via impregnation. Catalytic activity of each catalyst was evaluated by determining the initial reaction rate, which was obtained by multiplying the experimentally determined apparent reaction rate constant (k app ) with the initial DBT concentration (C DBT, 0 ). Apparent reaction rate constants were determined by fitting experimental data to a pseudo-1 st -order kinetic model ( Fig. S4d and S7 ) [1, 38, 48, 58] . For comparison, the initial reaction rate was normalized with respect to the molar amount of V used in each reaction to provide the value of -r DBT, 0 . Of note, while a consistent amount of each catalyst was used throughout all recycle runs as described in the experimental section, the amount of V used in each run was determined via inductively coupled plasma-optical emission spectrometry (ICP-OES) [1, 6] . ICP-OES was used to quantify the amount of V present in both the solid (catalyst) and reaction solution post-reaction after separation via filtration (Table S2 ). The stabilities of the catalysts were also evaluated based on the amount of leached V species present in the post-reaction solution obtained via ICP-OES analyses (Table 3) . Table 3) . Of additional note, the amount of leached V species of the pyrolyzed catalysts was less than that of the parent MOF, despite the fact that the pyrolyzed catalysts had far higher loadings of V. The increased chemical stability and reduction in leaching of V of the pyrolyzed catalysts were attributed to the inherent advantages of this synthetic method. During pyrolysis, the V oxide clusters present in MIL-47 (V) underwent carbothermal reduction, which led to oxidation and elimination of carbon from the MOF structure. This carbon consumption and removal has been postulated to generate concave holes in the carbon support, in which V sites can be firmly anchored [25, 38, 53] . Furthermore, these pyrolyzed catalysts also showed catalytic activities that were similar to or higher than MIL-47 (V) during the 1 st reaction (-r DBT, 0 ≥ 4.64 mol DBT•min
) (Fig. 6b) .
The catalytic activities and stabilities among these catalysts over multiple runs were also compared.
Interestingly, C600 showed a continuous decrease in both catalytic activity and leached amount of V species during each of the subsequent recycle runs (Table 3 and Fig. 6b ). This indicated each reaction cycle was likely controlled by the leached V oxide species (Fig. S8) ) based on numerous studies found in the literature, which demonstrated that these leached V oxide species can catalyze various liquid-phase oxidation reactions [1, 5, 6, 11] .
Leached V 2 O 3 (V 3+ ) species (as observed in the XP spectrum of C600 prior to the 1 st run), in contrast, were unlikely to enhance its catalytic activity based on previous studies that suggested V 3+ is much less active for oxidation reactions compared to V 4+ and V 5+ species [21, [63] [64] [65] . It should be noted, however, based on various reports [21, [63] [64] [65] , it has been hypothesized that leached V 3+ species could be oxidized to generate active V oxide species (i.e., V 4+ or V 5+ ) in the presence of TBHP and subsequently catalyze the reaction as activated, unsupported catalytic sites (Fig. S8) . In our study, we speculated that, although the supported V oxide species (i.e., V 4+ and V
5+
) could still catalyze this reaction, the decrease in the activity of C600 during each recycle run was due mainly to the loss of active V oxide species during vacuum filtration post reaction. This was further validated by a hot filtration study, which is discussed later.
The C1000 material exhibited a higher activity (-r DBT, 0 = 8.01 mol DBT•min
) than C600 (-r DBT, 0 = 6.55 mol DBT•min
) and C1100 (-r DBT, 0 = 4.64 mol DBT•min
) during the 1 st run. This was unanticipated because the C1000 contained a relatively larger size of V nanoparticles compared to the C600. In addition, the C1000 showed the largest amount of leached V species (27.8 mol. %). In contrast, in spite of showing a continuous decrease in the leached amount of V species, C1000 exhibited an increase in the catalytic activity after each subsequent recycle experiment (i.e. 2 nd and 3 rd reactions) (Table 3 and Fig. 6b ). This indicated that the leached (unsupported) V species (i.e., V carbide (V δ+ ) and V 3+ detected in its XP spectrum prior to the 1 st run) were not the primary source of activity, in spite of their potential oxidation by TBHP to generate active V oxide species (Fig. S9b ). This result, rather, suggested the supported V species were activated by TBHP oxidation via either
/V 5+ and played a role as a primary source of activity in C1000 (Fig. S9a) . Moreover, it is likely that the V δ+ phase can reduce the leaching of active V species during the reaction due to enhanced chemical stability [25-30, 66, 67] and/or enhanced embedment on the carbon surface facilitated via carbothermal V reduction [25, 46, 53] , compared to analogous oxide species. This can be evidenced by the 3 rd recycle run of C1000, which showed the highest catalytic activity (-r DBT, 0 = 10.7 mol DBT•min
) while leaching the least amount of V species (4.8 mol. %) among the reaction runs. The increase in the activities during the multiple recycles could be due to the oxidation of both V δ+ and V 3+ species by TBHP to generate active V oxide species supported on the carbon (Fig. S9a) . During each reaction, the amount of these active, supported species present on the surface can increase compared to the catalysts used at the previous run due to additional exposure to TBHP. C1100, however, leached the least amount of V species at each reaction cycle (2.3-19.5 mol. %) compared to both C600 and C1000 (4.8-27.8 mol. %), while exhibiting increasingly higher catalytic activities throughout each recycle reaction run (-r DBT, 0 , from 4.7 mol DBT•min
). These increases in activities were expected given the catalytic results of C1000 and our hypothesis that supported V species could be oxidized to generate active V oxide species supported on carbon during the reaction, the amount of which could be continually increased throughout the recycle runs. The formation of the V oxide species after the reaction was evidenced by the XP spectrum of C1100 after the 1 st run, which showed the presence of V oxide species (Fig. S10 ) that were not detectable on the catalyst prior to the reaction. The lowest amount of leaching of V species was also anticipated because the C1100 solely contained V carbide (V δ+ ) species prior to the reaction according to XP spectrum (Table 2 and Fig. 3 ), and therefore may leach a lower amount of V oxide species during the reaction than C1000 due in potential to the enhanced stability of V δ+ over V oxides, as discussed previously. Several important conclusions can be suggested from these catalysis results: 1) the catalysts incorporating V carbide (C1000 and C1100) were more chemically stable and could be more effectively recycled than the catalyst incorporating V oxide (C600) and 2) the V carbide catalysts could perform the reaction through supported V species, whereas the V oxide catalyst may have had a significant contribution to activity from unsupported V oxide species.
In contrast to C1100, which showed a slight increase in activities over recycle runs, V/AC catalysts showed an increase in activity at the 2 nd cycle and a decrease in activity at the 3 rd cycle (Fig. 6b) . This was likely attributed to the co-presence of V oxide and V carbide species in the V/AC prior to the 1 st reaction run, as evidenced by its XRD pattern (Fig. 2) , which led to multiple different contributions from both supported and unsupported V species active for this reaction. This suggests that at least one type of active sites for catalyzing this reaction was a supported V species on AC. However, V/AC showed substantial V leaching (51.9-60.4 mol. %) throughout each sequential recycle run, which ultimately led to a significant reduction in activity by the 3 rd reaction cycle. Furthermore, throughout the three consecutive reactions, V/AC lost a total ~ 80 mol. % of its initial V loading. Therefore, it is expected that the activities of V/AC will quickly be reduced to zero within a short number of recycle runs. In contrast, C1000 showed a consistent increase in activity and C1100 maintained a consistent activity throughout five consecutive runs (Fig. S11) .
Additionally, C1000 and C1100 only leached a total of ~ 35 and ~ 18 mol. % of initial V loadings throughout five reaction cycles, respectively. These results demonstrated their enhanced stabilities and recyclabilities compared to V/AC, as well as the value of MOF pyrolysis as a viable synthetic technique for producing carbon-supported catalysts with enhanced stability. These results once again demonstrated the value of MOF pyrolysis as a viable synthetic technique for producing carbon-supported catalysts with enhanced stability.
In order to further investigate the catalytic activity contributed by supported and unsupported V species on the pyrolyzed MIL-47 (V) catalysts, hot filtration experiments were also performed. As shown in Table 3 , all catalysts suffered from V leaching during this reaction. Therefore, there is a possibility that the active sites of these catalysts may be leached, unsupported V species which were weakly bound to the catalysts prior to the reaction [6, 7, 11, 15] . As evidenced by HRTEM images, these pyrolyzed catalysts contained V nanoparticles with sizes of ~23 nm or below. Some of these small nanoparticles can leach from the carbon surface and are small enough to pass through the filter paper during a hot filtration experiment. These leached nanoparticles could then continuously turnover DBT. The hot filtration study of C600 containing a bulk V oxide phase showed a steady increase in turnover number (TON, moles of DBT converted per moles of V) with time even after the solid catalyst was removed from the reaction mixture (Fig. 7) . Indeed, this experiment provided evidence that the unsupported V species The catalytic performance of all resulting catalysts was also evaluated and compared in the oxidation of dibenzothiophene. The V oxide catalyst (C600) showed significant leaching of highly active V species (V 4+ and V
) during each reaction run. Furthermore, hot filtration studies provided evidence that these unsupported V species predominantly performed the reaction. In contrast, aside from showing good activities in this reaction, the V carbide catalysts (C1000 and C1100) showed less leaching of V species.
Furthermore, hot filtration study suggested that the activities of these unsupported V species were likely insignificant compared to the supported V species in both C1000 and C1100 for this reaction. This may likely be attributed to the advantages of the V carbide over the oxide counterparts, which can provide enhanced chemical stability and enhanced anchoring on the carbon support during this reaction. In particular, the amount of V leaching in these catalysts was far smaller compared to V/AC, thus providing another reason to synthesized catalysts by pyrolyzing MOFs.
